ABSTRACT The parasitoid Prorops nasuta Waterston (Hymenoptera: Bethylidae) is a wasp of the coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae). In this study, the attractiveness of different volatiles to P. nasuta was studied in the laboratory using a Y-tube olfactometer. Female wasps were attracted to coffee berry borer-infested coffee berries but not to uninfested or artiÞcially damaged berries. Full-grown larvae and pupae, and dust/frass of H. hampei isolated from infested berries, were attractive to parasitoid females, whereas immature coffee berry borer and dust/frass originating from coffee berry borer reared on an artiÞcial diet were not. Adult coffee berry borer, derived from both infested berries or artiÞcial diet, were not attractive to parasitoids. Females of P. nasuta did not show a preference for volatiles released from unparasitized versus parasitized hosts independent of the time since parasitization. Wasp attraction was inßuenced by the amount and age of dust/frass but not by the density of immature larvae. These Þndings show that host searching behavior of P. nasuta is mediated by chemical cues emitted from the coffee berry-H. hampei complex.
The coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae), is considered to be one of the most serious insect pests of coffee (Coffea spp.) worldwide (Damon 2000) . The coffee berry borer arrived in southern Mexico in 1978 (Baker 1984) , and since then, it has caused severe losses to coffee production. The wasp Prorops nasuta Waterston (Hymenoptera: Bethylidae) is a solitary ectoparasitoid of coffee berry borer larvae and pupae that was introduced to Mexico via Brazil as a biological control agent for this insect pest (Infante et al. 2005) . The basic life history of P. nasuta has been extensively investigated (Hargreaves 1935 , Abraham et al. 1990 Murphy and Moore 1990; Infante et al. 2005, and references therein) . Female P. nasuta usually enters an infested coffee berry via the perforation made by coffee berry borer. Like the host, P. nasuta spends most of its life cycle inside coffee berries. During the preoviposition period, which ranges from 3 to 14 d, females host feed on all developmental stages of the coffee berry borer, preferentially consuming eggs, small larvae, and adults (Infante et al. 2005) . Females preferentially lay eggs on fully grown larvae and prepupae (Abraham et al. 1990 ). Individual females generally attack hosts in only one coffee berry during their lifetime. Mean developmental time (egg to adult) for males and females is Ϸ28 and 30 d, respectively (Infante et al. 2005) . Mating occurs between sibling wasps inside the coffee berry after which the fertilized females leave the berry to search for infested berries.
One aspect of the natural history of P. nasuta that largely has been neglected is host-searching behavior. Successful host location by parasitoids consists of several phases of host searching, which lead females into the vicinity of potential hosts (Vinson 1998) . During host searching, parasitoids often use chemical cues for host location. Chemical cues may come from plants directly, plants damaged host herbivores, from host herbivores themselves or from host waste products such as feces, scales, silk, or exuviae (Vet and Dicke 1992) .
The objective of this study was to investigate the behavioral attraction of P. nasuta to chemical cues emitted from the coffee-H. hampei complex under laboratory conditions as a Þrst step toward understanding the host-searching behavior of this species.
Materials and Methods
Biological Material. Samples of ripe infested and uninfested berries from ÔRobustaÕ coffee (Coffea canephora Pierre ex Froehner) were collected from plantations near Tapachula, Chiapas, Mexico. Berries were considered to be infested when they displayed the characteristic hole bored by coffee berry borer near the apex of the fruit; this hole is distinctive and rarely confused with other insect attacks. Infested berries also show the presence of dust/frass around the hole (Waterhouse and Norris 1989) . Coffee berry borer and dust/frass were collected from infested coffee berries (unless otherwise speciÞed). Except in one experiment (see below), black dust/frass of unknown age was used. Dust/frass consists mainly of a mixture of excrement, coffee residues and other waste produced by several coffee berry borer living inside the fruit (Waterhouse and Norris 1989) . Parasitoids were obtained from a colony maintained at the El Colegio de la Frontera Sur reared in the laboratory on coffee berry borer-infested ripe coffee berries (Infante et al. 2005) . All female P. nasuta used in the experiments were 1Ð2 d old.
Behavioral Assays. The response of P. nasuta females to various odor sources was tested using a Y-tube olfactometer similar in design and operation to that of Vander Meer et al. (1988) . The olfactometer consisted of a Y-shape tube (0.5 cm in diameter; length of common tube and two side arms ϭ 5 cm) and two sample chambers (1.5 cm in diameter and 6 cm in length). Air ßow, regulated by ßowmeters (Gilmont Instruments, Barnant Co., Barrington, IL) was of 200 ml/min. Air was passed through activated charcoal and a water jar before introduction into the olfactometer. Tygon tubing provided all connections between the air source and the olfactometer.
Wasps were introduced individually into the olfactometer through the stem of the Y-tube and allowed 5 min to walk toward one of the sample chambers. Parasitoids that failed to choose a sample chamber in the observation period were recorded as nonresponders. The assignment of odor source to each sample chamber was reversed after every trial to eliminate directional bias. Possible bias between the two olfactometer arms was evaluated by running blank tests (i.e., with empty sample chambers). After each day of trials, the olfactometer was washed with detergent, rinsed with acetone and distilled water, and dried in an oven at 100ЊC for at least 30 min. All behavioral assays were conducted between 1000 and 1500 hours at 26 Ϯ 2ЊC and 60 Ϯ 10% RH. Illumination was provided by six ßuorescent bulbs (General Electric, 39 W) with an intensity of 1,676 lux located 120 cm directly above the Y-tube olfactometer. In all experiments, 100 females were observed for each odor source. Each female was tested only once. Twenty-Þve insects per odor source were observed daily in a random order. All tests were repeated on four different days.
Attraction to Damaged Versus Undamaged Fruit. The response of the parasitoid to ripe uninfested, artiÞcially damaged, and infested berries was evaluated in two experiments. The coffee berries used in both experiments were collected 1 h before being tested. The berries were carefully cut through the stalk to avoid damage to the fruit. ArtiÞcially damaged berries were created by puncturing six holes in the pulp with a needle. In the Þrst experiment, we evaluated the response of P. nasuta females to a berry odor source versus a red glass marble used as control. In the second experiment, the following combinations were evaluated: 1) uninfested berry versus artiÞcially damaged berry, 2) uninfested berry versus infested berry, and 3) artiÞcially damaged berry versus infested berry. After each assay, berries were dissected to conÞrm infestation by coffee berry borer and/or discarded.
Attraction to Coffee Berry Borer and Dust/Frass. The response of P. nasuta to coffee berry borer adults, immatures and dust/frass coming from either infested coffee berries or coffee berry borer reared on artiÞcial diet was investigated in two different experiments. The meridic diet used for rearing coffee berry borer consisted of coffee bean meal, agar, casein, torula yeast, methyl paraben, potassium sorbate, ethanol, formaldehyde, and water (Villacorta and Barrera 1996) . Coffee berry borer or dust/frass used in these experiments were collected 30 min before the assays. Each of the following combinations were evaluated versus the control (empty tube): 1) 12 coffee berry borer females, 2) six coffee berry borer full-grown larvae and six pupae, and 3) dust/frass (Ϸ0.03 g).
Attraction to Unparasitized Versus Parasitized Hosts. The response of female parasitoids to volatiles from unparasitized and parasitized hosts was evaluated in one experiment. Unparasitized larvae were extracted from infested coffee berries collected in the Þeld. Unparasitized larvae were separated into two groups; one group was presented to P. nasuta females to be parasitized, whereas the second group remained unparasitized. Approximately 24, 48, and 72 h after parasitization, the attractiveness of six unparasitized versus six parasitized prepupae or pupae was compared in a two-choice test.
Attraction to Dust/Frass of Different Age. The response of P. nasuta to dust/frass of different ages was evaluated in one experiment. Coffee berry borer were reared on uninfested ripe coffee berries collected in the Þeld. These fresh berries were placed for 3 d on trays with tissue paper to reduce humidity, punctured with a needle to facilitate coffee berry borer penetration and infested by placing 40 females per 100 berries in plastic cylinders (16 cm in height and 7 cm in diameter). Dust/frass samples (0.03 g) were collected at 10, 20, 40, and 80-d after infestation and compared with clean air.
Attraction to Different Numbers of Hosts. The response of P. nasuta to volatiles from different densities of coffee berry borer immatures was evaluated in one experiment. The following densities of immature stages were used: 15, 30, 60, 90, and 120 individuals. For each density tested, a ratio of 50:50 (full-grown larvae: pupae) was used and compared against clean air.
Attraction to Different Amounts of Dust/Frass. The response of P. nasuta to either 0.015, 0.03, 0.1, 0.2, 0.4, and 0.4 mg of dust/frass was evaluated against clean air in one experiment.
Statistical Analysis. The null hypothesis that wasp females showed no preference was tested using the log-likelihood ratio test (G-test) for goodness-of-Þt with WilliamsÕ correction (Sokal and Rohlf 1995) . Parasitoids that made no choice were excluded from the analyses.
Results

Attraction to Damaged Versus Undamaged Fruit.
Female wasps did not show a preference for volatiles from uninfested or artiÞcially damaged coffee berries compared with clean air. In contrast, females clearly preferred volatiles emitted by infested coffee berries when compared with clean air (Table 1) . Females were also signiÞcantly more attracted to volatiles from infested coffee berries than from uninfested or artiÞcially damaged berries. Females did not show a preference for volatiles from uninfested and artiÞcially damaged berries when both types of berries were presented simultaneously (Table 1) .
Attraction to Coffee Berry Borer and Dust/Frass. Females were signiÞcantly more attracted to volatiles emitted by coffee berry borer immatures and dust/ frass collected from coffee berries than to clean air. Female parasitoids were not attracted to coffee berry borer adult volatiles (Table 2) . Female wasps were not attracted to the volatiles from adults, immatures or dust/frass from coffee berry borer reared on an artiÞcial diet (Table 2) .
Attraction to Unparasitized Versus Parasitized Hosts. Females did not show a preference for volatiles from unparasitized hosts over parasitized hosts, regardless of time after parasitization (Table 3) .
Attraction to Dust-Frass of Different Age. Females did not show a preference for 10-d-old dust/frass compared with clean air. However, females were attracted to 20-, 40-, and 80-d-old dust/frass compared with clean air (Table 4) .
Attraction to Different Numbers of Hosts. Females were signiÞcantly more attracted to volatiles from 15, 30, 60, and 120 immatures than to clean air (Table 5) .
Attraction to Different Amounts of Dust/Frass. Females did not show a preference for volatiles coming from 0.015 g of dust/frass over clean air. However, females were signiÞcantly more attracted to volatiles coming from 0.03, 0.1, 0.2, 0.4, and 0.6 g of dust/frass than to clean air (Table 6 ).
Discussion
The results of this study showed that P. nasuta females use chemical cues in host searching. Female parasitoids were attracted to infested coffee berries but not to uninfested or mechanically damaged berries. The attractiveness of infested coffee berries seems to be due to the presence of coffee berry borer immatures and dust/frass. The role of the chemical cues in the long and short-range host searching behavior has been studied only in a few bethylid species. Qi and Burkholder (1990) showed that Laelius pedatus Say were attracted to airborne volatiles released by Trogoderma spp. larvae. Females Cephalonomia wa- (Howard and Flinn 1990) . Goniozus natalensis Gordh females are attracted to volatiles from frass produced by Eldana saccharina Walker (Smith et al. 1994 ). Finally, Cephalonomia tarsalis (Ashmead) females use chemical compounds from the cuticle of Oryzaephilus surinamensis (L.) larvae during the host recognition phase (Howard et al. 1998 ).
Attraction of parasitoids to dust/frass seems to be adaptive in light of the biology of P. nasuta. In the Þeld, females enter an infested coffee berry only after a gallery has been produced and in which H. hampei reproduction is underway (Gutierrez et al. 1998 ). In the laboratory, a positive correlation exists between the amount of dust/frass produced and the number of larvae found inside a coffee berry (P.C.-A., unpublished data). Our results showed that P. nasuta was not attracted to 0.015 g of dust/frass, the smallest quantity of dust/frass offered. However, when larger amounts of dust/frass were used, females were attracted to the volatiles. With the exception of 10-d old dust/frass females were attracted to all dust/frass age categories. Typically, the 10-d-old dust/frass consists mostly of fragments of material expelled from the berry by the coffee berry borer female that colonized it. In contrast, older dust/frass contains excrement produced by the entire coffee berry borer living inside the berry (Rojas et al. 2006) . Thus, the dust/frass can be used by parasitoids as a reliable cue for Þnding their cryptic hosts.
We found that P. nasuta females did not discriminate between unparasitized and parasitized hosts via olfactory cues. It is possible that P. nasuta females discriminate parasitized hosts using a marking pheromone, as in many other hymenopteran parasitoids (Anderson 2002) . For example, females of Cephalonomia stephanoderis Betrem, another bethylid that attacks coffee berry borer, use a marking pheromone deposited onto or into the host, which enables parasitoids to avoid self and conspeciÞc superparasitism (Barrera et al. 1994 ). Hoffmeister and Roitberg (1997) argued that marking pheromones reduces egg wastage but does not prevent wastage of searching time, because host-marking pheromones are generally detected only after the female has contacted the host. These authors considered that time wastage is an important factor in parasitoids that attack concealed hosts. Recently, Fatouros et al. (2005) found that Cotesia rubecula (Marshall) can discriminate volatiles from plants treated with the regurgitant of unparasitized Pieris brassicae L. versus volatiles released by plants treated with regurgitant from parasitized caterpillars. Discrimination of parasitized hosts via olfactory cues might be expected to be highly advantageous, although examples are rare.
The exact source of the attractants for P. nasuta remains unknown, but there are several possibilities, which are not mutually exclusive. One possibility is that the attractants directly originate from coffee berries. A preliminary chemical analysis has showed that dust/frass essentially contains the same compounds released by coffee berries, although dust/frass also contains some compounds not found in coffee berries (J.C.R. et al., unpublished data). The fact that P. nasuta was not attracted to biological material derived from the artiÞcial diet suggests that plant compounds in the waste products are important for parasitoid attraction. However, it is also possible that the lack of response of P. nasuta to materials coming from the artiÞcial diet may be due to the presence of inhibitors and preservatives that do not occur in coffee berries and are repellents. A second possibility is that the attractive compounds are a product of larval metabolism. This possibility seems to be supported by our results, which show that P. nasuta females were not attracted to dust/frass produced during the Þrst stage of coffee berry borer colonization, when larvae are not present. Other studies indicate a potential role for larval metabolites in host attraction. Ramachandran et al. (1991) reported that volatile kairomones for Microplitis demolitor (Wilkinson) found in the larval frass of Pseudoplusia includens (Walker) contain not only plant compounds that are concentrated and released by the herbivore, but also compounds that are strictly larval metabolites of plant precursors. Smith et al. (1994) suggested that the compounds in frass eliciting the attraction of G. natalensis are not derived directly from the tissue of the host plants of E. saccharina but are a product of larval metabolism. The third possibility is that attractants may be produced by the mi- (Kaminski et al. 1974 , Tuma et al. 1989 . Several studies have documented that parasitoids are attracted to compounds produced by microorganisms associated with their hosts (Greany et al. 1977 , Thibout et al. 1995 , Pettersson 2001 , Sullivan and Berisford 2004 , Martṍnez et al. 2006 . For example, the volatile compounds used by Diadromus pulchellus Wesmeal to locate its host, the leek moth, are produced from leek precursors by bacteria developing in the feces of host larvae (Thibout et al. 1995) . Martinez et al. (2006) found that the parasitoid Ibalia leucospoides Hochenwarth is attracted to volatiles emitted by the fungus Amylosterereum areolatum Boidin, a symbiotic of its host, Sirex noctilio F.. Preliminary results in our laboratory have shown that P. nasuta females are attracted to 3-octanone (Roman-Ruiz 2007); however, whether this compound is produced by any of the fungi associated with the coffee berry borer and its galleries remains to be investigated. Future studies are needed to clarify both source and the chemical identity of the compounds mediating the interactions in the coffeeÐ coffee berry borerÐP. nasuta system.
